The aim of this study is to clarify the effect of low intensity pulsed ultrasound (LIPUS) on shortening of the fracture healing period and endochondral ossification during the fracture healing process. We first established a model of aging-related delayed union fractures consisting of aged mouse (C57BL/6J; 40 weeks old) with closed femur fractures. We compared the healing process of 40-week-old mice to the healing process of 8-week-old (young) mice using radiological and histological analysis. In aged mice, some cartilage formation was observed 10 days after the fracture; however, endochondral ossification and hard callus bridging were observed 21 and 28 days after the fracture, respectively, whereas cartilage remained in the callus on day 28, suggesting delayed endochondral ossification following bone remodeling. Meanwhile, in aged mice with LIPUS treatment, cartilage formation was similar to that in aged mice without LIPUS; however, hard callus bridging and bone remodeling were observed 21 and 28 days after fracture, respectively, suggesting that LIPUS shortened the healing period due to promotion of endochondral ossification. Immunohistochemical analysis showed marked expression of vascular endotherial growth factor and neovascularization in the fibrous tissue comprising the periosteum that surrounded the whole callus. A cell migration test involving primary cultured human endothelial cells also showed promotion of cell migration by LIPUS. These results suggested that endothelial cell migration and neovascularization, which were observed around fracture sites, played a part in the mechanism of promotion of endochondral ossification by LIPUS. Key words: aged mouse, endochondral ossification, fracture repair, low intensity pulsed ultrasound 
Introduction
Acceleration of fracture healing by low intensity pulsed ultrasound (LIPUS) has been demonstrated in numerous clinical studies [8, 16, 19] . In particular, it has been reported that LIPUS shortens the healing period of fresh fractures [8, 19] and promotes the healing of refractory fractures such as pseudoarthrosis and delayed union fractures, shortening the treatment period [27, 31] . Additionally, extensive basic research has been conducted on the effects of LIPUS on fracture healing acceleration using animal models [1, 42] . Azuma et al. evaluated the effects of LIPUS on the fracture healing process using 10-week-old Long-Evans rats with closed bilateral femur fractures [1] . The 3-week duration after the fracture was divided into three periods of eight days each to evaluate the effects in each period. Evaluation was performed through morphological and histological evaluations using X-ray and micro-CT imaging and through mechanical strength studies. LIPUS showed acceleration of the fracture healing process during all three of the following periods: 1) a period during which inflammatory cell infiltration and intramembranous ossification were observed; 2) a period of chondrogenesis; and 3) a period during which progression of endochondral ossification, involving the replacement of cartilaginous callus (soft callus) by hard callus, led to the formation of a hard callus bridge. Their findings suggested that LIPUS has acceleration effects on fracture healing morphologically and mechanically. However, in animal models, detailed studies on shortening of the fracture healing period have not yet been conducted.
Previous basic research on LIPUS has suggested that LIPUS promotes the differentiation of undifferentiated mesenchymal cells into chondrocytes and the production of extracellular matrix by chondrocytes in vitro [32] and also promotes the enhancement of endochondral ossification in animal models of fracture healing [31] . Meanwhile, we showed that LIPUS does not enhance endochondral ossification of the growth plate in organ culture of rat femurs [30] . It is still not clear how LIPUS influences endochondral ossification during fracture repair.
In this study, we established a model of aging-related delayed union fractures consisting of aged mice with closed femur fractures [31] . We evaluated whether LI-PUS shorten the healing period of delayed union fracture using this model and also investigated the effect on endochondral ossification by radiological and histological analysis. We also conducted a cell migration test using primary cultured human endothelial cells to evaluate whether neovascularization contributed at least in part to promotion of fracture healing by LIPUS.
Materials and Methods

Animals
Male C57BL/6J mice (twenty-four 8-week-old mice and thirty-six 40-week-old mice; a total of 60 mice) purchased from Charles River Laboratories Japan Inc., were used in this study. The mice were kept in a semi barrier system with a controlled environment (temperature: 23 ± 2°C; humidity 55 ± 10%; lighting: 12-h light/dark cycle) throughout the study. All mice were fed standard rodent chow (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan).
The twenty-four 8-week-old mice were divided into four groups (six mice each), and X-ray imaging analysis and histological study were performed 7, 10, 14, and 21 days after the fracture. Of the thirty-six 40-week-old mice, 18 mice were assigned to a LIPUS treatment group, and the remaining 18 mice were assigned to a control group (not exposed to LIPUS). Each group was further divided into three groups (six mice each), and X-ray imaging analysis and histological study were performed 10, 21, and 28 days after the fracture.
The following experimental protocols were approved by the Kitasato University School of Medicine Animal Care Committee.
Fracture model
A 3:1:1 anesthetic mixture of Domitor (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan), Midazolam (Sand Co., Yamagata, Japan), and Vetorphale (Meiji Seika Kaisha, Ltd., Tokyo, Japan; (0.075 ml/100 g) was injected intramuscularly. In preparation for surgery, one knee of each anesthetized mouse was exposed through a medial parapatellar incision, and the femoral intramedullary canal was reamed with a 26-gauge needle. The same needle was then inserted into the intramedullary canal. After closing the knee joint, the mid-diaphysis of the femur was fractured by applying a bending force.
Method of LIPUS exposure
Beginning on postoperative day 1, the mice were treated with LIPUS for 20 min per day. During the treatment, the mice were sedated by intramuscular injection of the anesthetic mixture (0.0075 ml/100 g). They were kept in a prone position with a transducer 13 mm in diameter (Teijin Pharma Ltd., Tokyo, Japan) [10] placed on the skin with ultrasound gel (Nippon Kohden Corporation, Tokyo, Japan) according to Azuma's method [1] .
Radiological analysis and Micro-3DCT assay
All mice were analyzed using an X-ray system (SOF-TEX-CMB4; SOFTEX Corporation, Kanagawa, Japan) with a 10-second exposure at 25 kV and 10 µA using X-Ray IX Industrial Film (Fuji Photo Film Co., Ltd., Tokyo, Japan). A micro-3DCT equipped with a microfocus X-ray tube (inspeXio SMX-90CT; Shimadzu, Tokyo, Japan) produced a 3D image of each femora from 548 slices. The tube voltage, tube current and voxel size were 90 kV, 100 µA and 12.0 × 12.0 × 12.0 µm, respectively. A 3D imaging software program (TRI/3D BON; Ratoc System Engineering Co., Ltd., Tokyo, Japan) was used to Construct 3D images using a threshold obtained by discriminant analysis.
Tissue preparation and histological evaluation
For the histochemical studies, dissected bone tissue was immediately reduced with ice-cold 10% formalin after removing the fixture, immersed overnight in fresh formalin, and further decalcified in 3 M EDTA for three weeks. For immunohistochemical analysis, 10-day calluses were formalin-fixed, paraffin-embedded, decalcified, and sliced into 3-µm thick sections. Slides were immunohistochemically stained with rabbit polyclonal primary antibody against VEGF (Santa Cruz Biotechnology, Santa Cruz, CA, USA) using the streptavidin-biotinperoxidase method (Histofine SAB-PO Kit; Nichirei, Tokyo, Japan).
Cell culture and scratch assay
Human skin vascular endothelial cells were purchased from Sanko Junyaku Co., Ltd. (Tokyo, Japan) and subcultured according to the manufacturer's instructions. Scratch assays were performed 12 h after the inoculation of 1 × 10 6 vascular endothelial cells in the wells of 6-well culture plates with cultured medium. LIPUS was applied to the scratched cultures from the base of the plate with an ultrasound generator designed for in vitro use, while the control group was given a mock treatment with the LIPUS generator turned off. Cell migration into the scratched area was photographed at 0, 12, 24, 36, and 48 h. We analyzed the sequential migratory profiles using the NIH imag software (NIH, Bethesda, MD, USA) during the following 24 h [12, 26, 33, 44] .
Statistical analysis
One-way ANOVA with Tukey's multiple comparison test was used. All tests were two-tailed. A P-value of less than 0.05 was considered to be statistically significant.
Results
Laboratory data and body sign
Body weight, femoral length, bone volume/tissue volume (BV/TV), cancellous bone mineral density (Cancellous BMD) and cortical bone mineral density (Cortical BMD) were measured in six 8-week-old and 40-weekold C57BL6J mice each (Table1).
Fracture healing process of 8-week-old mice
In the 8-week-old mice with femur fractures in the control group, hard callus formation due to intramembranous ossification around fracture sites was observed on day 7 after fracture in X-ray images (Fig. 1A) and fibrous tissue and chondrogenesis in the callus were histologically observed on day 7 ( Fig. 2A) . On X-ray Values are means ± SE.
images 10 days after the fracture, progress of hard callus formation was observed and a slight formation of soft callus was noticed in a gap between the hard calluses ( Fig. 1B) . Histological analysis showed that endochondral ossifi cation was advanced, and only a small amount of cartilaginous tissue remained in the gap between the hard calluses (Fig. 2B ). X-ray images further demonstrated hard callus bridging 14 days after the fracture (Fig. 1C) , at which time the boundary between existing cortical bone and newly formed bone was ambiguous and bone remodeling was advanced (Fig. 1D) . Histologically, hard callus formation was observed, and primitive woven bone was noticed in the hard callus 14 days after the fracture (Fig. 2C) , along with advanced absorption and replacement of existing cortical and woven bone and formation of new cortical bone (Table 2 and Fig. 2D ).
Fracture healing process of 40-week-old mice without LIPUS treatment
In the 40-week-old mice with femur fractures in the control group 10 days after the fracture, slight progress of intramembranous ossifi cation was observed around fracture sites in X-ray images (Fig. 3D) ; however, histological analysis showed cartilage formation, but only minimal endochondral ossifi cation was observed (Fig.  4D) . Twenty-one days after fracture, a hard callus was noticed, but hard callus bridging was not observed in X-ray images. A fracture line in the existing cortical bone was clearly noticed (Fig. 3E) . Examination of histological sections showed that endochondral ossifi ca- tion had progressed; however, hard callus bridging was not observed, and cartilage still remained in a gap between the hard calluses (Fig. 4E) . On X-ray images, hard callus bridging was observed, but the fracture line was still apparent 28 days after fracture (Fig. 3F) . Examination of histological sections demonstrated that hard callus bridging was also observed, but primitive woven bone was still noticed in the hard callus, and some cartilage remained between newly formed trabecular bones (Table 2 and Fig. 4F ).
Fracture healing process with treatment of LIPUS
In the 40-week-old mice with femur fractures in the LIPUS treatment group 10 days after the fracture, a slight amount of intramembranous ossifi cation was observed around fracture sites in X-ray images (Fig. 3A) , which Cartilage formation 6/6 0/6 0/6 6/6 0/6 0/6 6/6 6/6 0/6 Endochondral ossifi cation 6/6 0/6 0/6 6/6 6/6 0/6 6/6 6/6 6/6 Hard callus bridging 0/6 6/6 6/6 0/6 6/6 6/6 0/6 0/6 6/6 Remodeling 0/6 6/6 6/6 0/6 0/6 6/6 0/6 0/6 0/6 was similar to the observations in the control group of 40-week-old mice. Histological images revealed that cartilage formation had progressed, but endochondral ossifi cation was only minimally apparent (Fig. 4A) . However, 21 days after fracture, hard callus bridging was observed on X-ray images (Fig. 3B) , and examination of histological sections revealed that the bridging of woven bones was completed and that no cartilage remained in the callus (Fig. 4B) . Twenty-eight days after the fracture, neither a fracture line in the existing cortical bone nor a boundary between calluses and cortical bones was clearly noticed on X-ray images (Table  2 and Fig. 3C ), but bone remodeling was observed on histological images (Table 2 and Fig. 4C ). Ten days after femur fractures in the 40-week-old mice, anti-VEGF antibody immunohistological staining demonstrated VEGF expression localized in osteoblasts and hypertrophic chondrocytes situated at the new bone and the cartilage in the region of endochondral ossifi cation. VEGF expression was also localized in proliferating chondrocytes in soft calluses (Fig. 5A ). Such VEGF expression was found regardless of LIPUS exposure. However, in the LIPUS group only, VEGF was expressed in fi brous cells present in the fi brous tissue comprising the periosteum that surrounded whole the callus, and abundant neovascularization was observed in the fi brous tissue (Fig. 5B) .
Test of cell migration
Cell migration of primary cultured human endothelial cells, studied using scratch assays, showed statistically signifi cant differences at 6 and 12 h after LIPUS exposure compared with the control group (Fig. 6) . 
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Discussion
We and several other researchers have reported, based on clinical studies and basic research using animal models, that aging prolongs the healing period following a fracture [20-24, 30, 41] . In particular, we found that the healing period of femur fractures was clearly prolonged in 40-week-old mice (Table 1 ) compared with 8-weekold mice (Table 1) . Cartilage formation was seen 7 and 10 days after fracture in both the 8-and 40-week-old mice. Radiological analysis showed that hard callus bridging was observed 14 days after fracture in the 8-week-old mice, while it was seen within 28 days in the 40-week-old mice. Differentiation from proliferating chondrocytes to hypertrophic chondrocytes, invasion of chondroclasts, endothelial cells and premature osteoblasts into calcified septa and newly formed trabecular bone adjacent to hypertrophic chondrocytes are histologically observed in endochondral ossification during the fracture healing process. Endochondral ossification was in progress on day 10 after fracture in the 8-week-old mice during the healing process, while chondrogenesis was observed on day 10 after fracture in the 40-week-old mice, however, endochondral ossification was still progressing on day 28, indicating that aging delayed this process in our animal model.
Numerous clinical studies have reported the positive healing effects of LIPUS for refractory fractures such as pseudarthrosis and delayed union fractures. Additionally, LIPUS is reported to promote healing in a rat model of refractory tibial fractures [44] . However, these reports only studied the total healing period for fractures and did not specifically discuss which healing processes were accelerated. Azuma et al. evaluated the effects of LIPUS on the each fracture healing process, which were divided into three periods: cartilage formation, endochondral ossification, and bone remodeling [1] . They reported that LIPUS promoted fracture healing in all three periods. In our study, we found that LIPUS exposure reduced the time to complete endochondral ossification from 28 days to 21 days after fracture and led to bone remodeling until 28 days after fracture. Our findings indicate for the first time that the acceleration of delayed fracture healing occurs through promotion of endochondral ossification and bone remodeling.
Although numerous studies have been conducted on the effects of LIPUS on endochondral ossification, no definite consensus about the mechanism of these effects has been achieved to date. Studies have shown inconsistencies in the effects of LIPUS on chondrocytes, which may be due to several factors, including cell culture conditions [29, 32, 38, 39] , the differentiation periods of chondrocytes used in these experiments [5, 9] , cell type (whether primary cultured cells or a cultured cell line is used) [17, 18] , and study design (whether the experiment uses primarily in vitro or in vivo techniques) [1, 15, 34, 35] . In the current study, we found that LIPUS promoted endochondral ossification during fracture healing in an in vivo animal model. On the other hand, our previous study using organ culture showed that LIPUS did not affect chondrocyte differentiation or endochondral ossification in growth plates [30] . This contradiction is thought to be due to the VEGF expression and neovascularization that was observed in the fibrous tissues surrounding whole calluses. VEGF was expressed in soft tissues surrounding periosteal cells, and neovascular vessels were observed in the same location as VEGF expression sites in the LIPUS-exposed group.
Endogenous VEGF is a key player in bone repair, in which its temporal and spatial expression patterns correspond to the ones observed during long bone development [43] . VEGF is essential for normal angiogenesis and appropriate callus architecture. More and more evidence has been found to support the hypothesis that blood vessel invasion has a key role in tissue repair and that VEGF production is the major coupling mechanism between angiogenesis and osteogenesis during fracture healing [43] . VEGF expression is induced in osteoblasts by various stimuli [2] . In turn, VEGF regulates recruitment, survival and activity of osteoclasts, endothelial cells and osteoblasts [4, 22, 25, 43] . Furthermore, VEGF has been observed to play a major role in cartilage maturation and resorption. Produced by hypertrophic chondrocytes, it inhibits the endochondral ossification cascade by recruiting and/or differentiating osteoclastic cells that resorb cartilage and by attracting osteoblasts [3, 21] .
We showed that VEGF was expressed in soft tissues surrounding periosteal cells only in the LIPUS-exposed group in this study. However, the relationship between the localization of VEGF expression and neovascularization could not be proven directly in the present study because immunohistochemistry could demonstrate the localization of protein synthesis but we could not perform a quantitative analysis of the synthesized protein. Angiogenesis, bone formation and callus mineralization decrease when VEGF activity is inhibited in a mouse model of secondary fracture healing [43] . Severe vascular damage accompanying skeletal injury during fracture, leading to an ischemic regeneration site, results in delayed union or nonunion [21] with little cartilage or bone formation. Therefore, we speculated that VEGF expression in the fibrous tissues produced by LIPUS exposure could possibly act on endothelial cell migration.
Lee et al. reported that LIPUS exposure enhanced VEGF production on primary cultured human periosteal cells [18] . Additionally, they reported that endothelial cells showed a tubular structure and that cell differentiation was promoted by adding media in which human periosteal cells were cultured to an endothelial cell culture. Mizrahi et al. reported that LIPUS application promoted cell migration and proliferation in a bovine aortic endothelial cell system [28] . Our cell migration experiment involving primary cultured human endothelial cells also showed that LIPUS application promoted cell migration (Fig. 6) . Iwai et al. reported that their wound healing assays showed that LIPUS application enhanced the migration of MC3T3-E1 cells. LIPUS might stimulate the migration of osteoblastic lineage cells into the pores of a ceramic material, thus increasing the number of osteoblasts within deep pores, although they should be cautious in associating enhanced in vitro cell migration over the course of 20 h as a result of LI-PUS with in vivo differences in the number of osteoblasts in the deep zone of the porous HA ceramic at 2 weeks [11] . We believe that VEGF expression in the fibrous tissues produced by LIPUS exposure might act on endothelial cell migration. Further experiments are required to determine the effects of LIPUS on cell migration.
The results of our studies are in agreement with those of these two prior studies, suggesting the possibility that LIPUS exposure induces the neovascularization in fibrous tissues surrounding soft callus fracture sites and that this neovascularization may promote endochondral ossification. Additionally, it has been demonstrated that LIPUS exposure induces COX2 expression in osteoblasts, periosteal cells, and bone marrow cells and promotes the production of COX2-derived PGE 2 [14, 29] . It is known that COX2 and PGE 2 are important factors in the induction of neovascularization [6, 7] , and therefore they might have played a role in the neovascularization around fracture sites in the LIPUS-exposed group. It is speculated that neovascularization around fracture sites may enhance the production of chondroclasts, key contributors to endochondral ossification. Additionally, it has been already reported by numerous researchers that PGE 2 promotes the differentiation of preosteoclasts to mature osteoclasts [13, 36, 37] . Therefore, it is possible that the production of COX2-derived PGE 2 due to LIPUS exposure can also affect the differentiation of chondroclasts that are important for endochondral ossification.
In the current study, we confirmed from a morphological point of view that delayed fracture healing in aging was caused by the prolongation of a healing period from cartilage formation to hard callus bridging. Furthermore, we found that LIPUS exposure promoted delayed healing processes due to aging by reducing the time required for the completion of endochondral ossification. Endothelial cell migration and neovascularization, which were observed around fracture sites, were thought to play a part in the mechanism of promotion of endochondral ossification by LIPUS.
